Abstract. The Metropolitan District of Quito is located on or very close to segments of reverse blind faults, Puengasí, Ilumbisí-La Bota, Carcelen-El Inca, Bellavista-Catequilla and Tangahuilla, making it one of the most seismically dangerous cities in the world. The city is divided into five areas: south, south-central, central, north-central and north. For each of the urban areas, elastic response spectra are presented in this paper, which are determined by utilizing some of the new models of the Pacific Earthquake Engineering Research Center (PEER) NGA-West2 program. These spectra are calculated considering the maximum magnitude that could be generated by the rupture of each fault segment, and taking into account the soil type that exists at different points of the city according to the Norma Ecuatoriana de la Construcción (2015) . Subsequently, the recurrence period of earthquakes of high magnitude in each fault segment is determined from the physical parameters of the fault segments (size of the fault plane and slip rate) and the pattern of recurrence of type Gutenberg-Richter earthquakes with double truncation magnitude (M min and M max ) is used.
Introduction
Ecuador is located in one of the most seismically dangerous areas of the world, a zone where the Nazca plate subducts under the American plate at a relative speed of 58 ± 2 mm yr −1 (Trenkamp et al., 2002) . As a result, this tectonic movement has generated the megafault that begins in the Gulf of Guayaquil and ends in the Bocono fault in Venezuela, as shown in Fig. 1 .
The megafault towards the northeast is transcurrent dextral and towards the north it is a reverse fault, with an average slip rate of 3.0-4.5 mm yr −1 . The fault system has a turnover rate of 2.0-4.0 mm yr −1 ; this movement is not uniform along the fault (Winter et al., 1993; Trenkamp et al., 2002) .
Concern about the seismic hazard of Quito dates back to 1587, when an earthquake of magnitude 6.4 (magnitude estimated in Beauval et al., 2010) , associated with the system of blind faults, affected the young city established in 1534. Since then, there has not been an earthquake with a magnitude larger than 6.0, which means that there is a significant accumulation of seismic energy that will eventually be released. Therefore, the city must await new strong earthquakes.
In earthquake engineering, earthquakes are expressed by elastic design spectra. It is also well known that local soil conditions are a key factor affecting the spectrum form (Crouse and McGuire, 1996; Field and the SCEC Phase III Working Group, 2000) . A recent case is the earthquake at Christchurch, New Zealand in 2011, which had a magnitude of 6.2 and a focal depth of 5 km, generated different spectra in the commercial area of the city depending on the soil type, which affected it severely (Elwood, 2013) .
In this paper, elastic response spectra, obtained deterministically for 5 % damping, are presented for each of the five areas of Quito (south-central, central, north and north-central) , and the soil type is taken into account. These spectra are associated with the occurrence of an earthquake of maximum expected magnitude in the fault segments Puengasí, Ilumbisí-La Bota, Carcelen-El Inca, Bellavista-Catequilla and Tangahuilla. (Trenkamp et al., 2002) .
In this study we want to include the effect of proximity to the fault using ground motion prediction equations with this effect; therefore we used equations developed by Campbell and Bozorgnia (2013) (CB13), Abrahamson et al. (2013) (ASK13) and Chiou and Youngs (2013) (CY13) .
The spectra results for 50 and 84 % confidence levels are presented and compared to the spectrum reported by the Norma Ecuatoriana de la Construcción (2015) (NEC-15). These spectra are called control spectra since they are used to verify the performance of existing structures or those being designed using the NEC-15 code.
Comparisons between control spectra or specific response spectra obtained with empirical GMPEs (ground motion prediction equations) and a seismic code spectrum have been made in other cities or seismic zones as mentioned in GasparEscribano et al. (2008) , Hao and Gaull (2009) and Nunziata et al. (2011) , inter alia. Control spectra or specific response spectra are also used to estimate the seismic hazard and risk in cities or specific sites (Rivas-Medina et al., 2011 , 2014a .
Blind faults in Quito
Quito is a south to north elongated city which borders west with the Western Cordillera mountains (WC) as shown in Fig. 2 . The east is limited by several hills which are Puengasí (P), Ilumbisí-La Bota (ILB), towards north the Inca Calderon hill (CEI), and at the north the BellavistaCatequilla (BC), where the last moderately strong earthquake of 12 August 2014 originated, which had a magnitude of 5.1 and focal depth of 5 km (Aguiar et al., 2014) . The Guayl- (Alvarado et al., 2014) . labamba basin, GB, can also be observed. On the right of Fig. 2 , the inter-depression ID is observed too. It is formed by the Chillos Valley to the north and Tumbaco Valley to the south. They are separated by the Ilalo volcano IV.
Quito is 2800 m a.s.l. (meters above sea level) and the valleys are 2400 m. The hills P, ILB, CEI, and BC have heights that vary between 100 and 300 m. They are the external signs of the existence of blind reverse faults that raise from 2 to 4 mm yr −1 (Alvarado et al., 2014) and are shown in Fig. 3 . It can be observed that in some areas houses have been built on both sides of the hills (Puengasí).
Note in Fig. 3 that the top of Puengasí and Ilumbisí-La Bota hills, which shows the existence of inverse faults behind them, do not form a single continuous line, demonstrating the probable existence of a strike-slip fault between them. All this makes clear that the city stands on a complex fault system.
In Fig. 3 , to the left side of the Ilumbisí-La Bota hills, the Simon Bolivar Avenue can be seen, as well as the start of the Tumbaco Valley and further south the Chillos Valley. On the bottom right side of this figure, at the slopes of the hills, the Guápulo shrine is located, and towards the north is the Metropolitan Park, where a seismic refraction study was conducted to determine the velocity of shear wave V s30 on a rocky outcrop (Castillo, 2014) . Table 1 shows the segments of the thrust faults that cross the city of Quito; the length of the rupture surface was estimated by Alvarado et al. (2014) and the area of rupture and the expected maximum magnitude were estimated using the equations proposal in Leonard (2010) . The average dip angle of the thrust faults is 550 westward (Alvarado et al., 2014) . Even though a fault could be considered well known, there is always uncertainty in the determination of the parameters defining the geometry of it, which is why strongmotion models should be used to somehow minimize this uncertainty. For example, in the model of CY13 the Z TOR variable is the depth to the upper edge of the fault (in kilometers) and it is worked statistically using the variable Z TOR . Indeed, Z TOR is defined as the difference between the observed value Z TOR and the expected value E[Z TOR ]. where Z TOR is the observed depth to the upper edge of a given fault, and E[Z TOR ] is the value obtained with Eq. (2) that has been inferred for reverse and oblique reverse faults.
where M is the expected magnitude in the geological fault. The CB13, ASK13 and CY13 prediction equations will control the level of confidence with the addition of the ε and σ variables, where σ is the standard deviation and ε is a number of standard deviation, if ε = 0, for a confidence level of 50 % (average), ε = 1 for a confidence level of 84 %, and ε = 2 for a confidence level of 95 %. Obviously, the higher the value of ε, the higher the confidence level and the greater the spectral ordinates. The level of confidence in the determination of the spectral coordinates could induce higher construction costs. Therefore, seismic regulations allow a probability of exceedance of ground motion as a function of the use of the structure. 
Site effects
3 Strong movement models
The CB13, ASK13 and CY13 prediction equations (Campbell and Bozorgnia, 2013; Abrahamson et al., 2013 and Youngs, 2013, respectively) are considered, so that 5 % damping elastic response spectra for surface type geological faults can be obtained. The database of the first three models is the PEER NGA-West2, which contains over 21 000 accelerograms for the three components of ground motion of earthquakes recorded in different parts of the world, with magnitudes ranging between 3.0 and 7.9. From this record wealth, CB13 employed 15 521 records from 322 earthquakes, while ASK13 employed with 15 749 records of 326 earthquakes. Finally, the model of CY13 employed with 12 444 records of 300 earthquakes. From this grand total, 2587 records were selected from 18 non-California earthquakes. All three models have very important databases that accredited their equations of ground motion. Table 2 shows the variables that each of the models considers. It shows that there is little difference between them, in general, so that the spectral shapes tend to be similar.
The CY13 model considers the effect of directivity, which is very important when the site of interest is very close to the fault, unlike the other two models that do not consider it. Its formulation is based on studies by Spudich and Chiou (2008) and developed by Spudich (2013) . In the first study, the IDP directivity factor (isochrone directivity predictor) is consid- ered. Instead, in the second, the direct point parameter (DPP) model is used, but the variables are expressed incrementally, for example DPP and Z TOR , which are also calculated incrementally in the CY13 model.
In addition, the CB13 considers the depth of the hypocenter (ZHYP) as a parameter in determining the spectral acceleration, which is ignored in the other models. To check any difference, it is important to consider some strong movement models for the determination of the spectra (for case studies) or ground motion attenuation equations (for seismic hazard studies).
Soil classification in Quito
It is important to emphasize that the spectra shape changes according to the type of soil, as can be observed later in Fig. 6 . Therefore, a brief explanation of the type of soils in Quito is presented in the following paragraphs. In Fig. 4 , the five zones of the Metropolitan District of Quito are presented: south, south-central, central, north-central and north. For each zone it is necessary to determine the response spectra associated with blind reverse fault segments. For example, the Puengasí fault starts in the south and reaches the center of the city. Its rupture length, associated with a earthquake of magnitude 6.4, is 22 km (Table 1) , so this fault is the source of the highest spectral accelerations in the following areas: north-central, central, south-central and south.
At the north of the city, the fault segment associated with the highest spectral accelerations is Ilumbisí-La Bota (ILB), where an earthquake of 6.2 maximum magnitude is expected (Alvarado et al., 2014) . The other faults that exist in the north do not generate spectra with larger ordinates due to being furthest from the city.
There have been several studies to classify soils in Quito, the first of them presented by the Politécnica Nacional in 1994 from a geological point of view and the second study was presented by Valverde et al. (2002) , who classified soils according to the Ecuadorian code of year 2000 (CEC, 2000).
They identified three types of soils called S1, S2 and S3 (Aguiar, 2003) : (1) in the soil profile S1, the speed of the shear wave is V s30 ≥ 750 m s −1 , and the periods of soil vibration are less than 0.2 s; (2) in the soil profile S2, the periods of soil vibration are between 0.2 and 0.6 s and (3) in the soil profile S3 the periods are greater than 0.6 s.
In the NEC-15 norm, there are six types of soil: (1) the soil profile A corresponds to competent rock with V s30 > 1500 m s −1 ; (2) the soil profile B corresponds to a mean stiffness rock with 760 m s −1 < V s30 < 1500 m s −1 ; (3) the soil profile C has 360 m s −1 < V s30 < 760 m s −1 ; (4) in the soil profile D, the speed of the shear wave V s30 is between 180 and 360 m s −1 ; (5) in soil profile E, the speed is less than 180 m s −1 and (6) the soil profile F is a very low resistance soil which requires the presence of a specialist in soils or geotechnical engineer to make an assessment.
To get a better idea of Quito soil types, a seismic refraction study was done in the Metropolitan Park, in a place where there is a rocky outcrop about 30 m high; see Fig. 5 . It was found that V s30 = 466.27 m s −1 , so it is a soil type C (Castillo, 2014) . In Quito there is definitely no soil type A, but there are soil types B-D, as shown in Fig. 4 .
New spectra
The new spectra were estimated at equidistant points (100 m) of a regular mesh and for the three soil types B-D. In turn, this regular mesh was divided into five areas considered in the Metropolitan District of Quito. In each area, and for each type of soil, spectra was obtained at each point of the mesh, using the three ground motion prediction equations indicated above, and finally, an average spectrum was obtained from these spectra.
In the northern area of Quito, an earthquake of magnitude 6.2, related to the fault segment Ilumbisí La Bota, generates the largest spectral accelerations since it is closer to this area. In the first row of Fig. 6 , these spectra are indicated for confidence levels of 50 and 84 %, and for soils B-D. Fault segments Puengasí, Carcelén-El Inca, Bellavista-Catequilla and Tangahuilla generate smaller amplitude spectra for this area.
In the last four rows of Figs. 7 and 8 the spectra for the north-central, central, south-central, and southern zones of Quito are presented for an earthquake of magnitude 6.4 on the fault segment of Puengasí. The other fault segments generate lower spectral ordinates.
Recurrence periods
The return period is the time between the occurrence of two events at the same seismic source. Therefore, it is a concept that helps to estimate the expected time of occurrence of an earthquake of a given magnitude. To estimate the recurrence interval associated with different magnitudes within each segment, the seismic potential of the fault should be modeled by the moment rate. This parameter (moment rate) estimates the annual accumulation of energy in each segment of the fault and will be used to relate the slip rate to the assigned recurrence model.
Estimation of the seismic moment rate (Ṁ 0 ) in each fault segment
From the size of the fault plane of each segment (Table 1) , the slip rate of the segment (3.0-4.0 mm yr −1 by Alvarado et al., 2014) , and with the conservative assumption that all the plane fault is accumulating energy evenly, the moment rateṀ 0 can be related to the above parameters according to expression of Brune (1968) , Eq. (3).
where µ is the shear modulus (10 3 N m −2 )isu the slip rate and A is the fault plane area (Table 1) . A Supplement with variables and units is included.
6.2 Seismicity rate estimation using the modified recurrence model GR andṀ 0
Recurrence models define the seismic potential failure relating the frequency and size of earthquakes occurring in a particular source in a given time. The parameters used to define the potential seismic quakes are the number of earthquakes of a certain magnitudeṅ(m) (the inverse of the period of recurrence in a given time unit), or the cumulative rate of earthquakes of a magnitude higher than a given valueṄ (m), and the proportion of large vs. small earthquakes [b or β] . Depending on the relationship established between these parameters, the literature offers different models, for example, Gutenberg and Richter (1944) , Main and Burton (1981) , Chinnery and North (1975) , Bath (1978) and Anderson (1979) . From all these models, the one published by Gutenberg and Richter (1944) (GR) and modified by Cosentino et al. (1977) is the most widely used for characterizing the source. The Gutenberg-Richter-modified model (Eq. 4) provides a relationship between the cumulative rate of different magnitudesṄ (m), the rate of earthquakes being the number of earthquakes of magnitude less than an established minimum (Ṅ min ), generated at a certain time and in a particular area.
From the seismic moment rate, a relationship can be established between this parameter and a recurrence model type GR through the expression of Anderson (1979) 
where M 0 (m) is the seismic moment generated in an earthquake of magnitude m. Moreover, Anderson and Luco (1983) propose relationships between the cumulative seismic moment rateṀ 0 and three models of recurrence: GR-truncated model, GRmodified model and the recurrence model proposed by Main and Burton (1981) .
In this paper, the model GR-modified is used, with Eq. (6), where the cumulative rate of earthquakes of magnitude minimumṄ min is dependent the on moment rate among other parameters, this expression is derived from Eqs. (4) and (5). = 6.4) (M w = 6.2) (M w = 5.9) (M w = 6.3) (M w = 6.0) Figure 8 . Spectra for south-central and south zones of Quito.
, (6) whereṄ min is the cumulative rate of earthquakes of magnitude greater than or equal to M min , β is a parameter that defines the proportion of earthquakes as a function of their magnitude and will be set to 1. 84-2.76 (Rivas-Medina et al., 2014b) , M max and M min are the maximum and minimum magnitudes of truncation, M 0 (M max ) and M 0 (M min ) are the seismic moments (co-seismic) that would be released in these possible maximum and minimum magnitude earthquakes, respectively, obtained from the expression of Hanks and Kanamori (1979) and d = 1.5 · ln(10).
This expression allows the rate of seismic activity of the fault to be deduced. The calculated values are truncated at a maximum and minimum depending on the rate of seismic moment of the fault.
In Fig. 9 , the earthquake cumulative rate is presented for different magnitudes, and for each of the segments of the reverse faults in Quito. From this figure, Table 3 shows the recurrence periods for different magnitude ranges.
As elastic response spectra for maximum magnitudes in each fault segment was obtained, it is interesting to observe the last row of Table 3 . For the Puengasí fault, an earthquake of magnitude 6.4 is expected in a time interval between 1224 and 2190 years; for the Ilumbisí-La Bota fault, an earthquake of magnitude 6.2 is expected between 610 and 981 years.
However, it is known that an earthquake of magnitude 6.4 in 1587 in northern Quito, associated with blind faults, caused great damage in the city (Beauval et al., 2010) ; since then there has not been an earthquake of magnitude greater than 6 associated with these failures, which suggests that there is a significant accumulation of energy in these faults. Moreover, the date on which an earthquake with a magnitude greater than 6.0 associated with the Puengasí or Ilumbisí -La Bota faults occurred is not known, so that compliance with the period of recurrence in these failures can be in a few or many years. The truth is that more than four centuries have passed without a strong earthquake and so the likelihood of a severe earthquake in these two fault segments increases.
Commentary and conclusions
Quito is very close to five active segments of reverse faults called, from south to north, Puengasí, Ilumbisí-La Bota, Carcelen-El Inca, Bellavista-Catequilla and Tanhaguilla.
In this paper, monitoring spectra for the horizontal movement of the soil were computed, for the five areas of the city, south, south-central, central, north and north central, according to the classification of soils of the NEC-15. These spectra were obtained using the models of Abrahamson et al. (2013) , Campbell and Bozorgnia (2013) and Chiou and Youngs (2013) and the maximum magnitude that could be generated in each segment of the blind faults was taken into account. Spectra for the 50 and 84 % confidence levels are also found and the latter have spectral ordinates higher than those found with the NEC-15, so it is important that new construction projects are built in Quito, considering the spectra found in this paper.
Moreover, the recurrence periods were estimated for the maximum magnitude expected in each segment, with which the control spectra recurrence were found, and are between 549 and 2190 years.
Finally, we recommend that the structures should be designed for two denominated spectra: design spectra, similar to those stipulated in the NEC-15, and maximum spectra, which were studied in this work with a confidence of 84 %.
The random uncertainty of movement is accounted for through the standard deviation associated with each ground motion prediction equation (the spectra results for 50 and 84 % confidence levels) and the epistemological uncertainty is calculated using the three equations used.
The data on the blind fault system in Quito have been obtained in the last 20 years. There are still many uncertainties, not only in this data but in the method and its results. However, there is no time to lose alerting people about the seismic danger in Quito. The structural designer must be aware of this fact by means of spectra that use the latest available information.
Data availability
The control spectra of Quito can be accessed by this link: https://docs.google.com/spreadsheets/d/.
Appendix A: Variables and units used to estimate the recurrence periods 
